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ABStrAct
Telomeres have long been implicated in the regulation of gene expression. Some studies have reported that telomere looping effect (TLE) can juxtapose genes and regulatory sequences that are far apart and facilitate long-distance control of gene expression. In this work, we report a detailed investigation on the prevalence and regulatory potential of TLE on a genomic scale by assembling data on protein-DNA interactions from several large-scale ChIp-chip experiments in Saccharomyces cerevisiae. Analysis of the assembled data revealed that a statistically significant number of DNA segments that were inferred to be bound by ten or more transcription factors in these experiments physically mapped to the ends of several chromosomes (19 of 32 chromosome ends). For the 83 transcription factors that were inferred to interact with these DNA segments, we found a statistically significant skew in the distribution of their internal binding sites over the length of the entire chromosome, such that more than expected binding events occurred proximal to chromosomal ends than elsewhere. Taken together these observations suggest that the telomere looping effect is their most likely explanation and imply that a notable fraction of the internally bound yeast transcription factors potentially interact with looped back telomeres. Further, we also identified several components of the basal transcriptional machinery that are also frequently linked to these chromosome end segments, strengthening the proposal for a direct interaction between the chromosome ends and internally located transcriptional complexes. We observed that certain chromatin factors might participate in the TLE and potentially modulate gene expression by chromatin modifications such as histone deacetylation. Our findings provide the first computational evidence for a significant role of long-range regulatory interactions due to telomere looping. Based on these observations, we also propose that genome-wide chromatin immunoprecipitation data might be useful to systematically uncover long-range chromatin looping effects in gene expression.
IntroductIon
Eukaryotic linear chromosomes are distinguished by a unique feature, the telomere, which is synthesized by a specialized reverse transcriptase (telomerase) using a RNA template. 1, 2, 3, 4 The primary function of the telomere is supposed to be a solution to the end replication problem arising due to the inability of DNA polymerases to synthesize new strands without a primer. 5 Telomeres possess several distinctive features such as a short tandem repeat sequence (TEL repeats) in the telomeric DNA and specialized DNA-binding proteins in place of the usual nucleosomes. 6, 7 Studies in different eukaryotes have revealed the presence of a diverse set of specialized proteins which associate with the telomeric chromatin. 8 However, the evolutionary conservation patterns of these proteins are quite variable. 9 For instance, the Ku proteins, which form a hetero-dimeric complex, are seen across most eukaryotic lineages with the apparent exception of the apicomplexans. 10 The Rap1p protein in contrast, is apparently only found in certain fungi and vertebrates. 11, 12 These observations suggest possible redundancy in the functions of various telomere-associated proteins and the potential for organism-specific specializations of the telomere structure and function.
Further, the telomeres play a critical role in the negative regulation of expression of genes located close to the chromosome ends. This effect, termed the Telomere Position Effect (TPE) was first discovered in Saccharomyces cerevisiae 13 and subsequently similar effects have also been seen in Drosophila, mammals, trypanosomes and possibly apicomplexans. 14 In several eukaryotes, lineage-specifically expanded multi-gene families occur in sub-telomeric locations suggesting a general role for the TPE in regulating the expression of Prevalence of the Telomere Looping Effect in Yeast such multi-gene families. 15, 16, 17, 18 Hence, TPE appears to be an evolutionarily conserved feature of eukaryotic chromosomes, despite the observed diversity in telomereassociated proteins. 14 Studies in yeast suggest that the strength of gene-silencing due to TPE is roughly inversely corelated with the distance of the gene from the telomere, and a few other factors such as the length of the telomere, and the presence of intervening transcribed genes. 19, 20, 21 Currently, TPE is believed to arise from a gradient of repressive chromatin structure spreading from the telomere through the sub-telomeric regions. There are a number of indications that a major mediator of this repressive effect is the NAD-dependent histone deacetylase Sir2p. Consistent with this, the sub-telomeric regions have been found to contain nucleosomes which are characterized by hypo-acetylated histones H3 and H4. 7, 22 Experiments have also shown that yeast telomeres might form higher order folded structures. 23, 24, 25 In these experiments, it was noted that activating or repressing elements separated from a reporter gene at distances much larger than their regular distance of influence (250 bp) could still functionally interact if either the gene or the regulatory element was placed in the close vicinity of the telomere. This implied that the yeast telomeres looped-back or formed folded structures to juxtapose distantly located genes with transcription regulatory elements (Fig. 1) . Chromosomes also exhibit other movements and compartmentalization which result in major repositioning of the telomere with respect to other chromosomal landmarks. 26, 27, 28, 29, 30 For example, cytological studies suggest that the telomeres are dynamic entities, which tend to localize to the nuclear periphery during much of the cell cycle and in the process display major spatial displacements within the nucleus due to chromosomal fold-back at the highest level. 31, 32, 33 We were interested in investigating the role, if any, of looping and spatial repositioning of the telomere in endogenous gene expression. As the prior experiments, 23, 24, 25 which demonstrated telomere looping, were able to detect telomeric/sub-telomeric DNA using chromatin immunoprecipitation (ChIp), we hoped to use similar cross-linking data obtained from high throughput studies to computationally identify such effects. In this article, by performing a computational analysis on the results from several genome-wide screens for DNA-protein interactions, we present evidence for an extensive role for telomere looping in regulation of distantly located yeast genes.
MAterIALS And MethodS
Datasets. The transcriptional regulatory network was assembled from the results of biochemical and ChIP-chip experiments. 34, 35, 36, 37, 38, 39, 40, 41 This information was assembled in the form of a network of 4441 genes, which include 157 DNA binding transcription factors, 4410 target genes and 12,873 interactions. The network involving chromatin modifying proteins was obtained from the same sources and consisted of 71 chromatin factors, 1326 target genes and 1796 interactions. Chromosomal positions of the genes, and probes used in these experiments were obtained from www. yeastgenome.org. Information on protein-protein interaction and synthetic lethal pairs were obtained from the GRID database, protein complexes were obtained from the published large scale experiments and the MIPs manually curated set. 55, 56, 57, 58, 59 Method to identify probes with high in-degree mapping to sub-telomeric segments. Cross-linking data was represented as a network and chromosomal position for each node in this network was obtained by integrating the information on gene position. Sub-telomeric segments for each chromosome were defined as segment from the telomere till the end of the n th gene from the end of the chromosome. A PERL script was written which integrates all this information to identify probes which map to the sub-telomeric segments that also have in-degree ≥ 10.
Randomization procedures to assess statistical significance. PERL scripts were written which randomize the real data (Fig. 4 ) in order to assess the statistical significance of our observations reported here. (1) Randomization by relabeling nodes: In this procedure, the network topology (degree distribution) remains the same, but the number of connections made by a specific node (probe or transcription factor) was changed. 1,000 such randomized networks were generated by randomly swapping the label of every node with another node. (2) Randomization of chromosomal position of nodes in the network: For every node in the network, its chromosomal position was swapped with a randomly chosen node, which also lies in the same chromosome as the original node. 1,000 such randomized sets of chromosomal location data were generated. (3) Randomization by rewiring edges: Here, the number of connections made by a node was maintained, but random pairs of TF nodes and TG nodes are connected. 1,000 such randomly rewired networks were generated for our analysis. P-value, the probability of finding an observed value by chance, is calculated as the fraction of the 1000 random networks which showed a value ≥ what was observed for the real network.
Detection of positional skew in the distribution of internal binding sites for TFs displaying telomere effect. For every chromosome, the probes which had a high in-degree that also mapped to the sub-telomeric regions (n = 7, Fig. 2B ) were first identified. For each of these probes, all the transcription factors which were inferred to be bound to these regions were identified, resulting in a total of 83 transcription factors. For each of the 83 TFs, we identified the number of other inferred binding events in the same chromosome in the R1 to R4 regions (Fig.  2C) . When a transcription factor was inferred to be bound to both arms of a chromosome, the regions are redefined based on which end is being considered. In such a case, the closest regions from the respective ends would be defined as R1 and R2 in the same chromosome. The fraction of the binding events in the R1 to R4 regions for all these 83 transcription factors is reported in (Fig. 6A) . The values for a subset of individual TFs which is inferred to be bound to 5 or more such sub-telomeric probes is shown in (Fig. 6B) . The same calculations were performed on the 1000 randomly rewired networks and the p-values were calculated as the fraction of the 1000 networks which had values ≥ what was observed in the real network.
Likewise, for every chromosome, probes with high in-degree that mapped to sub-telomeric segments (n = 7) were identified. For every TF which was inferred to be bound to these probes in a chromosome, we identified the number of other inferred binding events The inferred number of bound DNA-binding transcription factors to specific regions on the chromosome can be affected by (A) if the probe belongs to an inter-genic region from a pair of divergently transcribed genes and (b) by telomere looping effect. In the case of inter-genic region of diverging gene pairs (A), the same region (brown line) will be pulled several times with different transcription factors (colored circles) that specifically regulate one of the pair of divergently transcribed genes. Both these instances will affect the estimates of the number of bound transcription factors to a given chromosomal region. In the case of the telomere looping effect (B), the same sub-telomeric region (upstream of gene X, shown in purple) will be pulled several times with different transcription factors (colored circles) in independent cross-linking experiments. This is because the sub-telomere associated factors (small black circles), along with the sub-telomeric region, can be brought closer to the promoter of multiple genes in a heterogeneous cell population with different DNA-binding transcription factors bound to different promoters. Both these phenomenon can result in the inference of a high in-degree for a given chromosomal region, which is defined as the number of different DNA binding transcription factors inferred to be bound in that region in cross-linking experiments (bottom part in both panels).
Prevalence of the Telomere Looping Effect in Yeast in the R1 to R4 segments. It should be noted that the R1 to R4 regions for a given chromosome are not invariant and will change depending on the TF which is being considered. For example, if TF1 binds to the telomere on the left arm of chromosome 1, then the telomere of the left arm becomes the R1 region for that chromosome based on the binding of TF1 to that end. As a consequence, the telomere of the right arm will be defined as R4. Once these regions are defined, we count the number of binding events for TF1 in the different segments over the chromosome. The definitions of R1 to R4 will change for the same chromosome if we consider a different transcription factor. If TF2 binds the telomere on the right arm of the same chromosome 1, the telomere of the right arm becomes the R1 region based on the binding of TF2 (note that the same region would have been defined as R4 based on TF1), and what was defined as R1 based on TF1 will be redefined as R4 according to TF2. With the new definitions of the regions, we calculate the distribution of binding of TF2 in the four segments. If a TF binds to both ends of the chromosome, the regions are redefined based on which end is being considered. The fraction of these values summed across all the chromosomes and for the 83 TFs is reported in (Fig. 6C) . The raw values and the normalized values (i.e., divided by the number of genes in a chromosome) for each chromosome is shows in (Fig. 6D) .
Identification of potential chromatin factors. Potential chromatin modifying factors associated with these probes were identified by two methods (1) by analyzing cross linking data where chromatin factors were used in the immunoprecipitation experiments and (2) by identifying chromatin factors that physically interacted with any of the 83 transcription factors that were associated with these high in-degree probes.
reSuLtS And dIScuSSIon
Detecting telomere interactions through genome-wide DNA-protein interaction studies. A number of studies on yeast in the recent years, ranging from small-scale DNA foot-printing experiments to large-scale ChIp-chip experiments, have obtained a wealth of data about DNA-protein interactions. 34, 35, 36, 37, 38, 39, 40, 41 From this data, we assembled the transcriptional network ( Fig. 2A) wherein the binding events linking transcription factors (TFs) with noncoding regions upstream of a gene are interpreted as genuine regulatory inputs to that gene. 42, 43, 44 This network is a directed graph wherein transcription factors radiate out-going edges to specific sets of downstream target genes (out-degree). From the perspective of the target gene, all in-coming edges (in-degree) might be either coregulatory events mediated by multiple transcription factors or temporally distinct regulatory events involving individual transcription factors. Prior studies in yeast have suggested that the in-degree, which represents the total number of transcription factors regulating a given target gene, is typically less than 10. 35, 37, 38, 41, 45 Hence, any target gene showing anomalously high in-degree should be considered exceptional. We found that our transcriptional network contained a large number of such target genes (150 with in-degree ≥ 10) warranting a more detailed analysis. One trivial cause for this anomaly could be the design of the genome-wide ChIp-chip experiments in which probes might simultaneously include the regulatory regions of two divergently transcribed pairs of genes. As a result, a higher than actual inferred in-degree will spuriously emerge due to combined reporting of binding events between TFs and upstream regulatory elements associated with both genes (Fig. 3A) . Not unexpectedly, our assembled network showed that closely linked divergent genes comprised a significant fraction (~40%) of the genes with high in-degree. Alternatively, any distant chromosomal region that promiscuously comes in the vicinity of various regulatory regions containing locally bound transcription factors might also get cross-linked to these TFs in ChIp-chip experiments. As a result, such promiscuous chromosomal regions would show association with many different TFs, giving it a higher than expected in-degree (Fig. 3B) . We hoped to use this latter effect to detect any higher order chromatin organization effects such as transient looping of regions of chromosomes.
Interestingly, we noted that the only other set of probes (34 of the above 150), which were consistently associated with a high in-degree mapped to regions upstream of predicted ORFs and genes in the chromosome ends (sub-telomeric/telomeric segments). Furthermore, 10 of the 14 probes with highest in-degrees (≥ 20) mapped to sub-telomeric segments, suggesting a clear preference for high in-degree probes to localize to chromosomal ends. A case by case analysis of the chromosomal location of these probes revealed that some of them mapped to both the terminal regions of the chromosomes (Chrs: 1, 3, 4, 5, 10, 12 and 13), while some mapped to the ends of only one of the two arms of the chromosomes (Chrs: 2, 7, 14, 15 and 16). The only chromosomes which did not contain such probes were 6, 8, 9 and 11 (Supplementary material S1). We cannot Figure 4 . Schematic of the randomization procedures employed to estimate significance of the reported observations. (A) Random relabeling of nodes. In this procedure, the network topology remains unaffected but the labels of the set of transcription factors and set of chromosomal regions are randomly swapped among themselves. This alters the number of binding events for a region, thereby allowing us to asses the chance of finding regions with high in-degree in the sub-telomeric segment. (B) Randomizing chromosomal location of specific regions. In this procedure, chromosomal regions are randomly repositioned within the same chromosome. This alters the probes that maps to the sub-telomeric segments thus allowing us to assess the chance of finding regions with high in-degree in the sub-telomeric segments. (C) Random rewiring of nodes. In this procedure, the number of binding events for a transcription factor is maintained as in the original network, but the regions to which it binds is randomized. This allows us to assess the significance of how often a given transcription factor can be expected to bind to regions in the sub-telomeric segments.
confirm whether these chromosomes do not have such chromosome end associated promiscuous regions because not all possible probes from the telomeric/sub-telomeric segments from these chromosomes are represented in our dataset. The consistent recovery of telomeric/ sub-telomeric regions across different chromosomes, from different experiments, 35, 37, 38, 41 suggests that this is unlikely to be a systematic error of a particular ChIP-chip procedure.
To assess the statistical significance of this observation, we carried out two different types of simulation experiments (see methods, Fig. 4A and B). In the first type, we randomized the number of connections made by a probe by swapping it with other probes in our network but maintained the information about the chromosomal location to evaluate the chance of finding probes from sub-telomeric segments to have in-degree ≥ 10 (Fig. 4A) . In the second type of simulation experiments, we randomized the chromosomal location of the probes by swapping its position within the same chromosome, but maintained the number of connections made by the probe in order to assess how often one would expect probes with in-degree ≥ 10 to map to sub-telomeric/telomeric segments (Fig. 4B) . In both these simulations, we defined sub-telomeric segments of a chromosome as corresponding to the section of the chromosome from the telomere till the n th gene counting from the chromosome ends (Fig. 2B) . The results of these simulation studies where we systematically modified the value of 'n' to redefine sub-telomeric segments are shown in (Fig. 5) . These plots show that such high numbers (20 probes with in-degree ≥ 10 mapping to chromosome end segments) are not attainable by chance (p-value < 10 -3 ), suggesting that the preferential localization of high in degree probes to chromosome ends is a statistically significant effect.
Overall, 83 transcription factors were inferred to be linked to probes mapping to sub-telomeric segments with 38 of them linked to five or more such probes from the same or different chromosomes (Supplementary material S2, S3 ). These probes clearly do not contain all or even an enriched subset of binding sites for this group of transcription factors which were identified as interacting with them. Furthermore, biochemical and genetic studies on telomeric and sub-telomeric region associated factors strongly suggest that there is no concentration of a diverse set of specific transcription factors in these regions. 8 Previous reports which have suggested a role for telomere looping or fold-back in juxtaposing chromosome ends with internally located transcription factors 23, 24, 25 suggest a simple explanation for our observations. Thus, the cross-linking of chromosome ends to a large fraction of the transcription factors of yeast might be a consequence of transient associations of chromosome ends with internally bound transcription factors due to the telomere looping effect (TLE).
Further evidence for possible involvement of telomere looping. If a higher order folding or looping were to occur, then it is possible Figure 5 . Results from simulation experiments to assess the statistical significance of our observation that an unusually large number of probes with high in-degree (with in-degree ≥ 10) map to chromosomal ends. In-degree (d) for a region is defined as the number of different transcription factors inferred to be bound to a chromosomal region in cross-linking experiments (Fig. 3C ) and the sub-telomeric segments (n), for each chromosome, is defined as the chromosomal segment from the telomere till the n th gene from the end of the chromosome (Fig. 2B ). x-axis represents the number of sub-telomeric regions with in-degree, d ≥ 10. y-axis represents the number of simulation runs with that value. (A) Randomization by relabeling nodes. In this procedure, the location of the chromosomal regions is not changed, but the number of binding events for a given chromosomal region is randomized by relabeling (Fig.  4A) . Results from 1000 such runs shows that the observed number of chromosomal regions with d ≥ 10 (and for different values of 'n') is unattainable by chance. (B) Randomizing position of the chromosomal regions. In this simulation, the network structure is not changed, but the chromosomal regions are relocalized (repositioned) within the same chromosome (Fig. 4B) . The result from the simulation, which was carried out a 1000 times, is shown in the bottom three panels. For different definitions of d, and n, we observe that the number of regions in the sub-telomeric segment with high in-degree (thick black bar) seen in the real network is not attainable by chance. Simulations by both these randomization procedures support our observation that an unusually large number of regions from the sub-telomeric segments show a very high in-degree is statistically significant. x, observed value; m, mean; s, standard deviation; P, p-value; Z, z-score.
Prevalence of the Telomere Looping Effect in Yeast that one might observe a certain polarity and a distance effect for the transient contacts between internally bound TFs and chromosome ends. In order to assess this possibility, we investigated a number of positional relationships between the transcription factors subject to putative chromosome end contacts and the distribution of their internal binding sites on the chromosome (Fig. 6) . We further assessed the set of 83 transcription factors, which were inferred to interact with the chromosome ends, to determine if they exclusively bound to sub-telomeric regions or had bona fide sites elsewhere within the chromosome (Supplementary material S2) . Only six transcription factors, namely Gat3p, Gzf3p, Rgm1p, Mig3p, Dat1p and YPR196p, were found almost exclusively to bind sub-telomeric/ telomeric sequences. Of these Dat1p contains multiple AT-hook modules and is known to bind AT-rich tracts. 46 Hence, it is likely that it forms a specialized minor-groove binding protein of the sub-telomeric chromatin. The exact significance of a nearly exclusive sub-telomeric binding of the factors in terms of the structure of the sub-telomeric chromatin remains unclear.
The rest of the TFs (77) had binding sites all over the chromosome suggesting that their association with high in-degree probes mapping to chromosome ends is not corelated with exclusive binding to sub-telomeric or telomeric regions (Supplementary material S2). Analysis of the positions of the internal binding sites for these transcription factors on the same chromosome suggested that the distribution of binding over the length of the chromosome was skewed and not uniform. Interestingly, the distribution of internal binding sites for these TFs appeared to be skewed to the zone proximal to the sub-telomeric region than elsewhere. To quantify this skew in the distribution and to systematically compare this effect across all the TFs and across the different chromosomes, we devised a simple frame-independent coordinate system as shown in (Fig. 2C) . For every chromosome that contained a chromosome end probe with a high in-degree (black box on the left arm in Fig. 2C ), we define "same arm" as the chromosomal arm that contains this region and the "opposite arm" as the one that does not. The "same arm" is further divided into two equal halves, the R1 and R2 segments where the R1 segment is the one containing the sub-telomeric probe with the high Figure 6 . (A) Transcription factor based observations suggest that for a majority of the transcription factors which pulls down sub-telomeric regions in the cross-linking experiments, there is a statistically significant enrichment to have a large fraction of their other inferred binding regions in the 'same arm', more specifically in the 'R1' segment (see Fig. 2 ). The numbers below the segments R1 to R4 denote the fraction of binding events by the 83 transcription factors that also pull down chromosome-end sequences with high in-degree. Statistical significance was tested by carrying out simulations in which the edges were rewired to generate 1000 random networks (see Fig. 4A ). It should be noted that the centromeres are not usually located in the center of the yeast chromosomes. This would mean that that the null hypothesis is R1=R2, and R3=R4, but not R1=R2=R3=R4=25%. (B) A subset of 38 transcription factors which pull-down at least 5 or more distinct sub-telomeric regions in cross-linking experiments showing a strong 'R1' effect, 'same arm' effect and 'opposite arm' effect. Intensity of the color represents the number of regions inferred to be bound by these factors in the different segments (R1 to R4). (C) Chromosome based observations suggest that for a majority of the chromosomes which have sub-telomeric regions with high in-degree, there is a statistically significant enrichment for these chromosomes to have other inferred binding regions (involving the same transcription factors) in the R1 segment and the same arm. (D) in-degree. Likewise, the "opposite arm" is divided into R3 and R4 segments, where R4 is the segment farthest from the chromosomal end under consideration. While defining these regions, the length was defined as the length of the arm in base pairs, and hence the length of these segments varies for each arm and chromosome. It should be noted that the centromeres are not usually located in the center of the yeast chromosomes as shown in the figure. This would mean that that the null hypothesis is R1=R2, and R3=R4, but not R1=R2=R3=R4=25%. When a transcription factor was inferred to be bound to both arms of a chromosome, the regions are redefined based on which end is being considered. In such a case, the closest regions from the respective ends would be defined as R1 and R2 in the same chromosome. This approach and the differences in arm length would not affect the calculation of statistical significance in any way because we follow the same strategy when we calculate these values for the randomly generated data.
By employing the frame independent coordinate system, we measured the significance and skew in the distribution of the internal binding sites of the above 83 TFs across chromosomes with ends mapping to high in-degree probes. The significance of the observed skew in the distribution of the internal binding sites was measured by carrying out 1000 simulation experiments each, where we randomized the edges in the network (see methods, Fig. 4C ) and the chromosomal location of the genes (see methods, Fig. 4B ). For each of the 83 TFs, we quantified the number of internal binding sites in each of the four (R1 to R4) segments in the respective chromosomes (Supplementary material S2) . The cumulative effect across all TFs, shown in (Fig. 6A) , reveals an obvious skew in the distribution of the binding sites. A major fraction (~70%) of the internal binding sites appear to map to the same arm (R1: 44.52%; p-value < 10 -3 and R2: 24.23%; p-value < 10 -3 ), while a relatively smaller fraction appears to map to the R3 and R4 regions (15.96%; p-value = 0.030 and 15.29%; p-value = 0.317 respectively). The distribution of internal binding sites for a subset (38 TFs) of the 83 TFs, which were inferred to interact with five or more sub-telomeric probes with high in-degree, are shown in (Fig. 6B) . These 38 TFs have been grouped into three clusters based on the distribution of their internal binding sites: (A) 10 TFs that show a very strong proximal binding effect, (B) 26 TFs that more generally tend to have internal binding sites in the same arm and (C) 2 TFs that tend to have their binding sites in the opposite arm. Likewise, we analyzed the distribution of the internal binding sites from the perspective of individual chromosomes, where for each chromosome that contained probes with high in-degree at its ends we quantified the numbers of internal binding sites observed in the four segments (R1 to R4). The results shown in (Fig. 6C) , again illustrate a moderately significant skew in the TF binding sites mapping to the R1 segment (35.37%; p-value = 0.061) than the other segments. The distribution of the actual number of internal binding sites and the normalized (with respect to the total number of genes in that chromosome) number of binding sites for individual chromosomes, highlighting the skew in the distribution, is shown in (Fig. 6D) . We resorted to computational simulations to asses the significance of our observations rather than using real binding site distribution over the length of the chromosomes due to the unavailability of enough experimentally determined binding site data for the 83 transcription factors (several of which are not characterized).
Thus, we observed a statistically significant tendency for the inferred internal binding sites of transcription factors to be preferentially distributed proximal to the chromosome ends that contained the high in-degree probes which show promiscuous interactions with the TFs. Our calculations suggest a strong discrimination against the more distal location in the same arm (P (R2 ≤ 24.23) < 10 -3 , Fig. 6A ) of the chromosome and an almost random distribution on the opposite arm from the chromosome end with which the TFs were seen to (Figs. 6A and C) . This overall skew in distribution is consistent with the proposal that the observed effect probably arises from telomere-looping or fold-back, whose effects are principally prevalent in the regions proximal to chromosome ends (Fig. 6E) . It also argues against a major role for large scale looping resulting from folding of whole chromosomes at the centromeres in the observed effect. While 36 of the 38 transcription factors with multiple chromosome end interactions show the preferred clustering of binding sites proximal to their interacting chromosomal ends, a couple, namely Ste12p and Yhp1p, show the opposite behavior. They interestingly prefer binding regions in the opposite arm of the chromosome ends with which they show interaction. Hence, in the case of these TFs, a major role for long-distance effect arising due to whole-chromosome folding at centromeres cannot be ruled out. While, the above account based on telomere-looping is the simplest possible explanation for the observed interactions between diverse, unrelated TFs and chromosome ends, more complex scenarios are also plausible. Some recent studies have presented evidence that transcription factors might localize to the nuclear-pore complex (NPC; the Nup84 sub-complex) and regulate transcription by recruiting chromosomal target sites to the NPC. 47 As the telomeres typically distribute to the nuclear periphery and associate with the NPC, it is possible that regions from the chromosome ends get cross-linked to the NPC associated transcription factor complexes at a high frequency. While this can potentially explain the high in-degree for probes from chromosome ends, it does not readily account for the statistically significant skew in the distribution of bona fide internal binding sites of these TFs. Hence, we believe that the effect of peripheral localization, combined with assembly of TFs at the nuclear pore, by themselves cannot be the sole cause of the observed chromosome end cross-linking of a large number of TFs. Nevertheless, more complex scenarios wherein sites at chromosome ends play a role in recruiting NPC-associated TF complexes cannot be ruled out in the absence of further experimental evidence.
Potential involvement of chromatin factors and components of the basal transcription machinery in TLE. Chromatin modifying complexes containing histone acetylases, deacetylases and other chromatin modifying activities play a major role in both local and chromosome-level chromatin organization. 48, 49, 50, 51, 52, 53, 54 Hence, we conjectured that not only they might have a role in the above effect which potentially involves telomere looping, but also provide hints regarding the role of this phenomenon. Furthermore, if internally located specific transcription factors indeed interacted with the chromosome ends via a long distance looping, it is also likely that similar interactions are observed with basal transcription factors. In order to investigate the involvement of chromatin proteins and basal transcription factors in the telomere looping effect, we developed a computational strategy utilizing different forms of data from high-throughput experiments. Firstly, we sought direct evidence for chromatin factors and components of the basal transcriptional apparatus which interacted with high in-degree-probes mapping to chromosome ends. Secondly, we analyzed the protein interaction network to identify interacting partners for the 83 TFs that were chromatin factors and have also been shown to play a telomererelated role. To this end, we assembled the protein-interaction network and the protein-complex dataset from several small-scale and large-scale experiments and from the manually curated databases such as GRID and MIPs. 55, 56, 57, 58, 59 Analysis of the cross-linking data revealed that 13 of the 71 chromatin factors and basal transcriptional components, used in different ChIp-chip experiments, associated with the high in-degree probes mapping to chromosomal ends (Table 1, Supplementary material  S4) . It should be noted that some of the probes listed in this table are repetitive due to the high sequence similarity among the yeast telomeres caused due to segmental duplication. We refer readers to the supplementary material S5 for an analysis of the potential effect of cross-hybridization among sub-telomeric probes. It should be noted that recalculation of the values excluding these high in-degree probes which show high complementarity does not change the observed distributions or their statistical significance (supplementary material S6). Six of the 13 proteins identified in the above analysis were components of the basal transcriptional apparatus or associated with the RNA polymerase, including proteins such as Met18p (aka Mms19p), a HEAT repeat protein 60 and Ask10p which associate with the polymerase holoenzyme, 61 and Gal11p which is a part of the mediator complex. 62 Interaction of these RNA polymerase associated proteins with the high in-degree probes mapping to chromosome ends supports the above-stated hypothesis that high in-degree possibly arises due to looping which brings telomeres/ subtelomeric regions in contact with internally located transcription sites. It also implicates these proteins as important mediators of the potential regulatory effect emerging from the TLE. We also recovered Gcr2p and Ifh1p, both of which are known to interact with Rap1p, in addition to the specific TFs, Gcr1p and Fhl1p respectively. 63, 64, 65, 66, 67, 68, 69, 70 These complexes are known to have widespread regulatory role, especially in the transcription of glycolytic enzymes 71 and ribosomal protein genes. 63, 64, 65, 66, 67, 70 It would be of interest to test if the recovery of Gcr2p and Ifh1p indicates a recruitment of telomeric Rap1p to various internal sites associated with ribosomal and sugar metabolism genes due to TLE. Another factor which was found to interact with the high in-degree probes from chromosome ends, as well as show protein-protein interactions with other TFs associating with these very probes, is the MAP kinase Kss1p. Kss1p has been shown to phosphorylate the telomeric protein Sir3p and strengthen silencing, 72 suggesting that it might affect this phenomenon by altering the phosphorylation state of the telomeric/ sub-telomeric complexes.
Five chromatin factors were inferred to interact with the high in-degree probes and of these Tup1p, a general repressor, was also identified as physically interacting with the chromosomal end associated TFs in the protein-protein interaction network. Interestingly, genome-wide mRNA expression analysis of a Tup1p knockout yeast strain revealed that several Tup1p-dependent genes showed a tendency to physically cluster near sub-telomeric regions, supporting a direct regulatory role for Tup1p in telomere silencing. 73, 74 Further, another chromatin factor Ume1p was also retrieved. This WD40 repeat protein is a subunit of the classical histone deacetylase complex that has previously shown to be telomere associated. 75 Both these proteins play a critical role in repression of genes, chiefly via alterations of local chromatin structure due to histone deacetylation. Their recovery as potential players in the TLE suggests that this effect could have a notable role in directing negative regulation of genes. It is indeed possible that the TLE delivers or brings in close proximity, the negative regulatory histone deacetylase complex to various internal transcriptionally active sites to modulate gene expression.
concLuSIonS
Higher order chromatin reorganization has long been known to have a major role in regulating gene expression both at the coarse and fine-grain level. 76, 77, 78, 79, 80, 81, 82 One of the best known examples of this process has been the locus control region (LCR) of the mammalian beta-globin genes. 83, 84, 85, 86 In this case, a regulatory element located distally from the target gene is brought close to it through higher order chromosome looping and facilitates its transcriptional activation. Likewise, the apparently unexpected expression of genes in heterochromatin in organisms like Drosophila has also been suggested to involve chromosome looping. 24, 87 The relatively simple and positionally constrained upstream regulatory elements in yeast are believed to preclude any higher-order or long-range looping effects in gene regulation. However, experiments reported in the past decade have questioned this possibility by demonstrating a role for telomere looping as an alternate possible means of regulation. 23, 24, 25 Using computational analysis of the DNA-protein interactions at genome scale in the reconstructed transcriptional network, we show that telomere looping may indeed have a notable role in regulation of gene expression. We envision that this could happen by (i) bringing internally bound transcription factors in contact with telomeric genes, and hence potentially activate the normally repressed telomeric genes and (ii) bringing proteins bound to the chromosomal ends in contact with internal sites, thus affecting expression of nearby genes. We present evidence that at least 25%-35% of the transcription factors in yeast might be subjected to transient contacts with the telomere, possibly occurring due to looping or fold-back. Interestingly, this effect might preferentially skew the distribution of their binding sites to occur closer to the chromosome ends, allowing regulation through this effect. Furthermore, on account of the involvement of proteins associated with the basal transcriptional apparatus and the mediator complex, these effects might have general regulatory significance. The implication of the histone deacetylase in the effect suggests that the higher order chromatin looping in yeast as observed here, might primarily occur through a repressive action on internal binding sites of transcription factors. As this effect is likely to be transient, it is possible that we have not recovered all chromatin proteins critical for this process. In particular, it is possible that the ABC ATPases of the SMC family might play a role in this looping process. 88, 89, 90 The evolutionary conservation of certain components of both the basal machinery and chromatin factors implicated in this effect throughout eukaryotes suggest that this might be a generic feature of telomeres. However, some of the factors involved, such as Ifh1p and Gcr2p, are unique to fungi, suggesting that certain specific roles of this effect, such as a possible role in ribosomal gene regulation, might have emerged only after the divergence of fungi. In conclusion, we present evidence that high-throughput ChIp-chip experiments can be used to detect unconventional regulatory interactions between specific chromosomal regions and TFs in addition to their regular binding to upstream regulatory sites. Given the prediction of a significant role for the TLE in regulating gene expression, it would be interesting to further investigate this hypothesis using chromosome tiling arrays. Such experiments are likely to improve the resolution and provide a more direct tests for the interactions proposed in this work.
